Four AP1/AGL9 functional MADS box genes were characterized from the orchid ( Oncidium Gower Ramsey). OMADS6 is a SEP3 ortholog, OMADS11 is a SEP1/2 ortholog, OMADS7 is an AGL6-like gene and OMADS10 is a putative paleo AP1 ortholog. The identity of these four genes was further supported by the presence of conserved motifs in the C-terminal regions of the proteins. OMADS6 showed an expression pattern different from SEP3 orthologs, with expression in the sepal, petal, lip and carpel, and was barely detected in the stamen. The expression pattern for OMADS11 was similar to OMADS6 and different from SEP1 / 2 orthologs since its expression was undetectable in the stamen. The expression pattern for OMADS7 was nearly identical to OMADS6. The similarities in the expression patterns of the SEP/AGL6 -like genes OMADS6 , 11 and 7 indicated that their transcriptional regulation is highly evolutionarily conserved in the orchid. Unlike OMADS6/11/7 , OMADS10 was only expressed in vegetative leaves and in the lip and carpel of mature fl owers, which distinguishes it from most genes in the SQUA subfamily. Ectopic expression of OMADS6 , 11 or 7 caused extremely early fl owering, whereas Abbreviations : CaMV , caulifl ower mosaic virus ; RACE , rapid amplifi cation of cDNA ends ; RT , reverse transcription.
Introduction
The ABCDE model predicts the formation of any fl ower organ by the interaction of the fi ve classes of MADS box genes in plants ( Coen and Meyerowitz 1991 , Purugganan et al. 1995 A-function genes have been placed into the SQUA -like subfamily, which is further divided into FUL / AGL8 -like and eu AP1 -like genes in dicots, but remains in the paleo AP1 subgroup in monocots ( Litt and Irish 2003 , Vandenbussche et al. 2003 ) . E-function genes have been placed into the SEP -like subfamily, which contains two major clades, the AGL9 ( SEP3 ) group and the AGL2/3/4 ( SEP1/2/4 ) group (Thei ß en et al. 2000 , Thei ß en 2001 , Malcomber and Kellogg 2005 , Zahn et al. 2005 ). In addition, other genes, such as AGL6 in the AGL6 subfamily and its putative orthologs identifi ed from different plant species, have also been placed in the AP1/AGL9 group between SQUA -like and SEP -like genes ( Ma et al. 1991 , Mena et al. 1995 , Tandre et al. 1995 , Mouradov et al. 1998 , Shindo et al. 1999 , Hsu et al. 2003 . Representatives from the A-, E-and AGL6 -like-function genes have been identifi ed from eudicots, monocots, magnoliids and the basal-most angiosperms Amborella and/or Nuphar ( Angenent et al. 1992 , Angenent et al. 1994 , Yu and Goh 2000 , Kotilainen et al. 2000 , Ferrario et al. 2003 , Hsu et al. 2003 , Malcomber and Kellogg 2004 , Prasad et al. 2005 , Zahn et al. 2005 , Shitsukawa et al. 2007 , Xu et al. 2008 . It is thought that the A-, E-and AGL6 -like-function genes were produced by several duplication events during evolution Kellogg 2005 , Zahn et al. 2005 ) .
The best characterized A-function MADS box genes are AP1 of Arabidopsis and SQUAMOSA ( SQUA ) of Antirrhinum in the SQUA group and FUL / AGL8 of Arabidopsis in the FUL / AGL8 group ( Huijser et al. 1992 , Bowman et al. 1993 , Schultz and Haughn 1993 , Gustafson-Brown et al. 1994 , Mandel and Yanofsky 1995a . Expression of FUL / AGL8 has been specifi cally detected in the infl orescence apical meristem before fl owering ( Mandel and Yanofsky 1995a ) . Most genes in the SQUA subfamily are expressed in the early fl oral meristem and fl ower primordia, as has been shown for AP1 and SQUA ( Huijser et al. 1992 , Mandel et al. 1992 ). However, diverse gene expression patterns have been observed in fl owers for genes of the SQUA subfamily. For example, AP1 and SQUA were only detected in the sepals and petals of mature fl owers ( Huijser et al. 1992 , Mandel et al. 1992 , Kempin et al. 1995 , NtMADS11 of tobacco is expressed in sepals, petals and carpels ( Yan et al. 2000 ) and LMADS5 and 6 of lily are strongly expressed only in carpels and were almost undetectable in the other three fl ower organs ( Chen et al. 2008 ) . AP1 , FUL and CAULIFLOWER ( CAL ) have been thought to have partially redundant activities in Arabidopsis since the ap1 cal ful triple mutant lost all fl oral meristem characteristics and fl owers did not develop ( Kempin et al. 1995 , Ferrándiz et al. 2000 .
The best know E-function MADS box genes are SEPAL-LATA3 ( SEP3 ) in the AGL9 group and SEP1 , SEP2 and SEP4 in the AGL2/3/4 group of Arabidopsis (Thei ß en 2001, Zahn et al. 2005 ) . The expression patterns of the SEP -like genes in the two different groups are slightly different: e.g. SEP1 and SEP2 are expressed in all four organ whorls, whereas SEP3 and its orthologs WSEP (wheat) and EScaAGL9 from the basal eudicot California poppy ( Eschscholzia californica ) are only expressed in the inner three whorls of the fl ower , Pelaz et al. 2000 , Zahn et al. 2005 , Shitsukawa et al. 2007 ). However, the entire SEP -like subfamily has been thought to consist of functionally redundant genes with the potentially conserved function of controlling the identities of all fl oral organs ( Pelaz et al. 2000 , Thei ß en 2001 , Zahn et al. 2005 . This assumption was shown by the diffi culty of identifying single gene mutations . Mutation of any one of these genes produced only subtle phenotype differences ( Pelaz et al. 2000 ) . For example, a sep3 single mutant only resulted in a phenotype similar to that observed in intermediate alleles of ap1 ( Pelaz et al. 2001 ) , whereas the sep1 , 2 or 4 single mutation was phenotypically indistinguishable from wild-type plants ( Zahn et al. 2005 ) . However, all of the fl ower organs were converted into sepals in sep1 sep2 sep3 triple mutants ( Pelaz et al. 2000 ) , whereas sep1 sep2 sep3 sep4 quadruple mutants had a complete transformation of all fl oral organs to vegetative leaves ( Ditta et al. 2004 ) .
The function of SEP -like genes in controlling the identities of all fl oral organs was further supported by the interaction between SEP and A-, B-, and C-function proteins ( Honma and Goto 2001 , Pelaz et al. 2001 ) . For example, interaction of SEP3 and AP1/CAL has been documented to promote fl ower development ( Honma and Goto 2001 , Pelaz et al. 2001 ). SEP1, SEP2 and SEP3 have been shown to interact with AP3 and PISTILATA (PI) ( Pelaz et al. 2000 , Honma and Goto 2001 , Thei ß en 2001 , Thei ß en and Saedler 2001 , whereas SEP3 has been reported to interact with AGAMOUS (AG) ( Honma and Goto, 2001 ). In addition, the petunia SEP-like proteins FBP2, FBP5 and FBP9 are able to form heterodimers with the D-function gene FBP11 to regulate ovule development . The E-function protein GRCD1 of Gerbera hybrida has also been shown to interact with the C-function genes GAGA1 and GAGA2 to control third whorl stamen development ( Kotilainen et al. 2000 , de Folter et al. 2005 . Yeast two-and three-hybrid experiments showed that the wheat SEP-like protein WSEP formed a complex with wheat class B and C genes ( Shitsukawa et al. 2007 ). It has been further proposed that the ability of E-function SEP-like proteins to form tetrameric complexes with A-, Bor C-function proteins contributes signifi cantly to the formation of fl oral quartets to control sepal, petal, stamen and carpel formation (Thei ß en 2001, Thei ß en and Saedler 2001, Krizek and Fletcher 2005 , Melzer et al. 2009 ). Interestingly, the presence of at least one SEP molecule is necessary in each of these complexes ( Melzer et al. 2009 ).
In addition to regulating the identity of fl oral organs, E-function genes have been thought to act as fl oral meristem identity genes, like A-function genes and AGL6 -like genes, in the control of fl oral transition and initiation ( Angenent et al. 1992 , Angenent et al. 1994 , Pnueli et al. 1994 , Mandel and Yanofsky 1998 , Pelaz et al. 2000 , Tzeng et al. 2003 , Shitsukawa et al. 2007 . Ectopic expression of Arabidopsis SEP3 or its counterparts in petunia ( Petunia hybrida ), lily ( Lilium longifl orum ), wheat ( Triticum aestivum ) or peach ( Prunus persica ) produces an extremely early-fl owering phenotype and the conversion of infl orescences to terminal fl ower structures in Arabidopsis ( Honma and Goto 2001 , Pelaz et al. 2001 , Ferrario et al. 2003 , Tzeng et al. 2003 , Shitsukawa et al. 2007 , Xu et al. 2008 . Similar phenotypes were also observed in transgenic plants that ectopically expressed AP1 orthologs ( Mandel and Yanofsky 1995b , Kyozuka et al. 1997 , Jeon et al. 2000 , Fornara et al. 2004 , Chen et al. 2008 or the orchid AGL6 -like gene OMADS1 ( Hsu et al. 2003 ) . Further analysis indicated that promotion of fl owering was correlated with the indirect activation of fl owering time genes, such as FT and SOC1 ( Hsu et al. 2003 , Tzeng et al. 2003 . Interestingly, the early-fl owering phenotype is signifi cantly enhanced in transgenic plants that ectopically express both SEP3 and AP1 ( Pelaz et al. 2001 ) . These results strongly indicate that SEP3 is partially functionally redundant with AP1 to promote fl ower initiation in Arabidopsis ( Pelaz et al. 2001 ) .
Although MADS box genes in the AP1/AGL9 group have been identifi ed in various plant species, the functional analysis of these genes has not been clearly reported. Therefore, the identifi cation and characterization of additional AP1/ AGL9 genes from representative plants is necessary. Orchid ( Oncidium Gower Ramsey) is a popular fl ower with important economic value in cut fl ower markets around the world. Little research has been reported on the role of MADS box genes in regulating fl ower formation and fl ower initiation in this plant species Yang 2002 , Hsu et al. 2003 ) . Here, we report the isolation and functional analysis of four putative A-and E-function genes and AGL6 -like MADS box genes in the AP1/AGL9 group from O. Gower Ramsey . The results identifi ed novel and specifi c expression patterns for these four genes. Furthermore, different effects on fl oral transition and fl oral organ conversion were observed in transgenic Arabidopsis plants that ectopically expressed these genes. Exploration of the possible evolutionary links of these four genes in the AP1/AGL9 group of MADS box genes in orchid are also discussed.
Results

Isolation of AP1/AGL9-like genes from orchid
A combined reverse transcriptase-polymerase chain reaction (RT-PCR) and 5 ′ -RACE strategy was used to isolate MADS box genes from orchid ( Hsu and Yang 2002 ) . The cDNA sequences for two putative orthologs of E-function genes, O. Gower Ramsey MADS box gene 6 and 11 ( OMADS6 , 11 ), one AGL6 -like gene, OMADS7 , and one putative ortholog of an A-function gene, OMADS10 , were identifi ed.
The OMADS6 cDNA encodes a 243-amino-acid protein that showed 82 % identity and 88 % similarity to AdOM1 (SEP3 ortholog in the Aranda Deborah orchid; Fig. 1 ) . In the MADS domain and K domain, 91 % and 89 % of amino acids, respectively, are identical between OMADS6 and AdOM1 ( Fig. 1 ). OMADS6 also showed high sequence identity to lily LMADS3 (78 % total, 94 % in the MADS box and 87 % in the K box), petunia FBP2 (75 % total, 96 % MADS box and 80 % K box) and Arabidopsis SEP3 (67 % total, 96 % MADS box and 74 % K box; Fig. 1 ). The high sequence identity between the OMADS6 and SEP3 orthologs from other species suggests that OMADS6 is an O. Gower Ramsey SEP3 ortholog.
The OMADS11 cDNA encodes a 248-amino-acid protein that showed high sequence identity (69 % total, 91 % MADS box and 79 % K box) to LMADS4 (the SEP1/2 ortholog in lily; Fig. 1 ). OMADS11 also showed high sequence identity (62 % total, 94 % MADS box and 69 % K box) to SEP1 of Arabidopsis ( Fig. 1 ) . The high sequence identity between the OMADS11 and SEP1 orthologs from other species suggests that OMADS11 is an O. Gower Ramsey SEP-like gene and is closely related to SEP1/2/4 .
The OMADS7 cDNA encodes a 242-amino-acid protein that showed high sequence identity to Arabidopsis AGL6 (57 % total, 98 % MADS box and 63 % K box) and orchid OMADS1 (63 % total, 93 % MADS box and 65 % K box; Fig.  1 ). The high sequence identity between the OMADS7 and AGL6 -like orthologs from other species suggests that OMADS7 is an O. Gower Ramsey AGL6-like gene.
The OMADS10 cDNA encodes a 242-amino acid protein that showed high sequence identity to EgSQUA3 (56 % total, 91 % MADS box and 59 % K box) of oil palm and lily LMADS6 (58 % total, 91 % MADS box and 55 % K box; Fig. 1 ). The high sequence identity between OMADS10 and the AP1 orthologs from monocots suggests that OMADS10 is a putative paleo AP1 ortholog of orchid.
When the sequences of OMADS6, 11, 7 and 10 were compared with each other, OMADS6 showed the highest sequence identity to OMADS11 (61 % total, 91 % MADS box and 68 % K box), followed by OMADS7 (56 % total, 91 % MADS box and 60 % K box) and OMADS10 (42 % total, 79 % MADS box and 40 % K box; Fig. 1 ). When the sequences of the OMADS6, 11, 7, 10 and other AP1/AGL9-like proteins were further compared, the three highly conserved SEPI, SEP/AGL6 and SEPII motifs in the C-terminal region of the SEP-like proteins ( Zahn et al. 2005 , Kanno et al. 2006 were identifi ed in OMADS6 and 11 ( Fig. 1 and supplemental Fig. 1 ). OMADS7 protein only contained the SEP/AGL6 motif, whereas OMADS10 contained a LPPWML (paleoAP1) motif that was highly conserved in the SQUA -like genes of monocots ( Fig. 1 and supplemental Fig. 1 ) ( Litt and Irish 2003 , Vandenbussche et al. 2003 , Chen et al. 2008 . The amino acid sequence alignment shown in Fig. 1 and sequences for several other MADS box genes were used to construct a phylogenetic tree for the AP1/AGL9 group of MADS box genes ( Fig. 2 ) . Based on the tree, OMADS6 was assigned within the subgroup of SEP3 and is closely related to LMADS3 of lily. OMADS11 was assigned within the subgroup of SEP1/2 and is closely related to LMADS4 of lily. OMADS7 was assigned within the subgroup of AGL6 whereas OMADS10 was assigned to the monocotyledonous subgroup of SQUA.
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GYDRQPAQP ( O. Gower Ramsey), EgSQUA3 (oil palm) and SQUA ( Antirrhinum ). The fi rst and second underlined regions represent the MADS domain and K domain, respectively. The four blocks in the C-terminal region represent the four motifs conserved among AP1/AGL9-like proteins. SEP motif I, SEP/AGL6 motif and SEP motif II are the three highly conserved motifs for SEP-like proteins. The SEP/AGL6 motif is also a highly conserved motif for AGL6-like proteins, whereas the LPPWML (paleoAP1) motif is highly conserved in SQUA-like proteins of monocots. Amino acid residues identical to OMADS6 are indicated as dots. To improve alignment, dashes were introduced into the sequences. Names of the OMADS6, 11, 7 and 10 proteins are underlined. This sequence alignment was generated by the ClustalW-Multiple Sequence Alignment Program at DDBJ (DNA Data Bank of Japan) ( http://clustalw.ddbj.nig.ac.jp/top-e.html ). was closely related to LMADS3 and AdOM1 in the SEP3 -like group of MADS box genes. OMADS11 is closely related to LMADS4 and DOMADS3 in the SEP1/2 -like group of MADS box genes. OMADS7 is closely related to AGL6 and OMADS1 in the AGL6 -like group, whereas OMADS10 is closely related to LMADS5/6/7 and EgSQUA3 in the SQUA -like genes of monocots. Names of the OMADS6, 11, 7, 10 and 1 proteins are bold and underlined. Names of the plant species for each MADS box gene are listed behind the protein names. Amino acid sequences of AP1/AGL9 -like MADS box genes were retrieved via the NCBI server ( http://www.ncbi.nlm.nih.gov/ ). The multiple sequence alignment was performed using the DDBJ ClustalW 1.83 program with default parameters ( Thompson et al. 1994 , Miyazaki et al. 2004 ). The distance matrices for the aligned sequences with all gaps ignored were calculated using the Kimura two-parameter method ( Kimura 1980 ) , and the phylogenetic tree was generated by the neighbor-joining (NJ) method after alignment ( Altschul et al. 1990 ). The tree fi gure was generated using the TREEVIEW program, version 1.6.6. Numbers on major branches indicate bootstrap percentages for 1,000 replicate analyses.
Gene expression of OMADS6, 11, 7 and 10
In order to identify OMADS6 , 11 , 7 and 10 expression patterns, mRNA accumulation was analyzed by semi-quantitative RT-PCR. As shown in Fig. 3D , the OMADS6 mRNA was absent in vegetative leaves and was detected in the fl ower buds of different developmental stages (F1-F6, 2-10 mm in length, Fig. 3A ). When fl oral organs from mature fl owers ( Fig. 3B, C ) were examined, OMADS6 was highly expressed in the sepal, petal, lip, carpel, anther cap (ac) and stigmatic cavity (sc) and was weakly detected in the stamen ( Fig. 3D ) . This pattern was different from that observed for SEP3 or its orthologs, which were expressed in the three inner whorls (petal, stamen, carpel) and absent in the sepal ( Angenent et al. 1992 , Pnueli et al. 1994 where OMADS6 was highly expressed. Similar to OMADS6 , the OMADS11 mRNA was also detected in fl ower buds of different developmental stages and highly expressed in the sepal, petal, lip, carpel, anther cap and stigmatic cavity ( Fig. 3D ). The OMADS11 mRNA was also absent in vegetative leaves and was not detected in the stamen of fl owers ( Fig. 3D ). This expression pattern was different from that observed for SEP1/2 , which were expressed in four fl ower organs ( Flanagan and Ma 1994 , Pelaz et al. 2000 .
The expression pattern and the strength of expression of OMADS7 were extremely similar to that observed for OMADS6 ( Fig. 3D ). The OMADS7 mRNA was detected in fl ower buds of different developmental stages ( Fig. 3D ) , in the sepal, petal, lip, carpel, anther cap and stigmatic cavity, and relatively weakly in the stamen of fl owers ( Fig. 3D ) . Similar to OMADS6 and 11 , OMADS7 mRNA was also absent in vegetative leaves ( Fig. 3D ) .
OMADS10 showed an expression pattern different from OMADS6/11/7 . As shown in Fig. 3D , the OMADS10 mRNA was almost undetectable in fl ower buds of early developmental stages and was barely detected during fl ower maturation ( Fig. 3D ). In the mature fl ower, OMADS10 mRNA was only expressed in the lip, carpel, anther cap and stigmatic cavity ( Fig. 3D ). Unlike OMADS6/11/7 , the OMADS10 mRNA was strongly detected in vegetative leaves ( Fig. 3D ). This expression pattern was different from that observed for the A-function genes AP1 and SQUA , which were detected only in the sepal and petal of mature fl owers ( Huijser et al. 1992 , Mandel et al. 1992 , Kempin et al. 1995 . This expression pattern was, however, similar to LMADS5 and 6 of lily, which were expressed only in leaves and in the carpel of fl owers ( Chen et al. 2008 ) . The similarities and differences in expression patterns of the orchid AP1/AGL9 -like genes are summarized in Table 1 . , and from the sepal (Se), petal (Pe), lip (Li), stamen (S), carpel (C), anther cap (Ac) and stigmatic cavity (Sc) of mature fl owers (F) were used as templates to detect the expression of OMADS6 , 11 , 7 and 10 by RT-PCR. The results indicated that OMADS6 , 11 and 7 showed similar expression patterns. Their mRNA was expressed in fl ower buds and was absent in leaves. In fl ower, they were expressed in all fl ower organs but were relatively weak or absent in stamen. OMADS10 was expressed only in leaves and the lip, carpel, anther cap and stigmatic cavity of the mature fl ower. A fragment of the α -tubulin gene was amplifi ed as an internal control.
Ectopic expression of OMADS6, 11, 7 and 10 causes different effects in transgenic Arabidopsis plants
To further investigate the function of OMADS6 , 11 , 7 and 10 , ectopic expression of these genes in transgenic plants is necessary. cDNAs for these four genes driven by the caulifl ower mosaic virus (CaMV) 35S promoter were transformed into Arabidopsis plants for functional analysis. Twenty independent 35S:: OMADS6 transgenic Arabidopsis plants were obtained. Nine plants were phenotypically indistinguishable from wild-type plants, whereas the other 11 plants showed identical novel phenotypes. In contrast to wild-type plants, which produced round cotyledons with long petioles and expanded leaves ( Fig. 4A, B ), the 35S:: OMADS6 plants produced oval-shaped cotyledons and two to four small curled leaves, and fl owered signifi cantly earlier ( Fig. 4C, D ) than wild-type plants ( Fig. 4B, D ). In contrast to the development of the infl orescence of wild-type plants ( Fig. 4E ) , terminal fl owers composed of two to three fl owers were produced in these 35S:: OMADS6 plants at the end of the main infl orescence ( Fig. 4F ). Unlike wild-type fl owers, which are composed of four sepals in the fi rst whorl and four petals in the second whorl ( Fig. 4E, G ) , homeotic conversion of sepals into carpel-like structures ( Fig. 4F, H, I ) and petals into stamen-like structures ( Fig. 4F, J ) were observed in these 35S:: OMADS6 fl owers. Stigmatic papillae ( Fig. 4H, I ) and ovules ( Fig. 4I ) were clearly observed at these fi rst whorl carpel-like structures. Second whorl organ petals with staminoid sectors ( Fig. 4J ) were produced in these 35S:: OMADS6 fl owers.
Forty-eight and twenty-nine independent 35S:: OMADS11 and 35S:: OMADS7 transgenic Arabidopsis plants were obtained, respectively. Among them, twenty-eight 35S:: OMADS11 ( Fig. 4K, L, M ) and thirteen 35S:: OMADS7 ( Fig. 4O, P ) plants showed phenotypes similar to that observed in 35S:: OMADS6 plants, including production of less small curled leaves and earlier fl owering than wildtype plants. When the fl ower organs were examined, homeotic conversion of sepals into carpel-like structures with stigmatic papillae (Fig. 4Q , R, S) and ovules (Fig. 4R, S) was observed only in 35S:: OMADS7 fl owers. Unlike 35S:: OMADS6 plants, no staminoid sectors were produced in the second whorl organ petals in 35S:: OMADS7 fl owers. In contrast, no fl ower organ conversion in either the fi rst or second whorl was observed in 35S:: OMADS11 fl owers ( Fig. 4N ) .
Thirty-six independent 35S:: OMADS10 transgenic Arabidopsis plants were obtained. Thirty plants showed early fl owering (Fig. 4T, U) . However, promotion of fl owering in these 35S:: OMADS10 plants was not as strong as that observed in 35S:: OMADS6 , 11 or 7 transgenic plants. Up to four leaves were produced and no small curled leaves were observed in these 35S:: OMADS10 plants before fl owering (Fig. 4T, U) . In addition, different from the fl owers in 35S:: OMADS6 , 7 described above, no homeotic conversion in fl oral organs was observed in the fl owers of these 35S:: OMADS10 plants ( Fig. 4V ) . The similarities and differences of the effects of the ectopic expression of the orchid AP1/AGL9 -like genes are summarized in Table 1 .
To explore whether the severe phenotype correlated with OMADS6 , 11 , 7 and 10 expression in the transgenic plants, RT-PCR analysis was performed. As shown in Fig. 5A , higher OMADS6 expression was observed in the severe phenotype transgenic plants compared with the transgenic plants indistinguishable from wild-type plants. Similar results with higher expression of OMADS11 , 7 and 10 were also observed in the severe 35S:: OMADS11 ( Fig. 5B ), 35S:: OMADS7 ( Fig. 5C ) and 35S:: OMADS10 ( Fig. 5D ) transgenic plants than the transgenic plants indistinguishable from wild-type plants. This result clearly indicated that the phenotypes generated in the 35S:: OMADS6 , 11 , 7 and 10 transgenic Arabidopsis were due to the ectopic expression of the orchid OMADS6 , 11 , 7 and 10 genes.
Discussion
To investigate the role of the AP1/AGL9 -like MADS box genes in the regulation of fl oral transition and fl ower development in the orchid ( O. Gower Ramsey), four AP1/AGL9 -like genes, OMADS6 , 11 , 7 and 10 , were identifi ed and characterized in this study. Sequence alignment and phylogenetic tree analysis indicated that OMADS6 is a SEP3 ortholog; OMADS11 is closely related to SEP1/2 orthologs within the E-function genes; OMADS7 is closely related to AGL6-like genes and OMADS10 is a putative paleo AP1 ortholog of orchid ( Figs. 1, 2 ) .
The identity of these four orchid MADS box genes in different subgroups of AP1/AGL9 -like genes was further supported by analysis of the conserved motifs in the C-terminal regions of the proteins. When the sequences of the AP1/ AGL9 -like genes were compared, the three highly conserved SEPI, SEP/AGL6 and SEPII motifs were identifi ed in the Cterminal regions of the SEP-like proteins ( Zahn et al. 2005 , Kanno et al. 2006 . For the AGL6-like proteins, only the SEP/ AGL6 motif was identifi ed ( Kanno et al. 2006 ) , whereas the SQUA -like genes of monocots (paleo AP1 ) contained a highly conserved LPPWML (paleoAP1) motif ( Litt and Irish 2003 , Vandenbussche et al. 2003 , Chen et al. 2008 ( Fig. 1 and supplemental Fig. 1) . As expected, all three of the SEPI, SEP/ AGL6 and SEPII motifs were identifi ed in OMADS6 and OMADS11, which are putative orthologs of SEP3 and SEP1/2, respectively. For OMADS7, a putative AGL6-like protein, only the SEP/AGL6 motif was identifi ed and both of the SEPI and SEPII motifs were absent. For the paleoAP1 ortholog OMADS10, all three of the SEPI, SEP/AGL6 and SEPII motifs were absent and a LPPWML (paleoAP1) motif was identifi ed. Therefore, the appearance of the specifi c conserved motifs in the C-terminal regions of the proteins confi rmed their identity in particular subgroups of the AP1/ AGL9 -like MADS box genes.
The expression patterns for these four orchid AP1/AGL9 -like genes were interesting. First, the patterns were almost identical for OMADS6 , 11 and 7 ( Fig. 3D ) . In contrast, OMADS10 showed a completely different expression pattern from OMADS6/11/7 ; e.g. its expression was strongly detected only in vegetative leaves and in the lip and carpel of mature fl owers ( Fig. 3D ) . This indicated the possibility of functional diversifi cation of OMADS10 to OMADS6/11/7 . OMADS10 ( AP1 -like) might be separated from OMADS6/11/7 ( AGL9 -like) through an early duplication event in the orchid . This assumption was supported by the phylogenetic analysis as shown in Fig. 2 .
The nearly identical expression patterns for OMADS6 , 11 and 7 strongly indicated that they were generated through gene duplication events and possibly retained similar functions in the orchid. It has been suggested that a duplication event near the base of the angiosperms gave rise to the SEP3 and SEP1/2 lineages about 300 million years ago ( Zahn et al. 2005 ) . Our result indicated that there were at least two duplication events that further generated OMADS6/11/7 in the orchid. OMADS7 ( AGL6 -like) might be separated from OMADS6/11 through an early duplication event, whereas the second duplication event further separated OMADS6 ( SEP3 -like) and OMADS11 ( SEP1/2 -like) . This hypothesis is further supported by the sequence comparison. OMADS6 showed 61 % , 56 % and 42 % identity to OMADS11, OMADS7 and OMADS10, respectively ( Fig. 1 ) . Although sequence diversity was observed among OMADS6/11/7 , the transcriptional regulation of these three genes has been highly conserved during evolution.
The second interesting characteristics of OMADS6 , 11 , 7 and 10 are their spatial and temporal expression patterns. The mRNA expression pattern for OMADS6 was slightly different from that of SEP3 . SEP3 and its orthologs, such as FBP2 (petunia), TM5 (tomato), WSEP (wheat) and EScaAGL9 from the basal eudicot California poppy ( E. californica ), were only expressed in the inner three whorls of the fl ower ( Angenent et al. 1992 , Angenent et al. 1994 , Pnueli et al. 1994 , Pelaz et al. 2000 Zahn et al. 2005 , Shitsukawa et al. 2007 ). In contrast, mRNA for OMADS6 was detected in all four fl oral organ whorls and was similar to that observed for SEP1 / 2 , Mandel and Yanofsky 1998 , Pelaz et al. 2000 . This may be due to the great similarity between the sepals and petals within the orchid fl owers ( Fig. 3B ). Sepals and petals are completely different organs in Arabidopsis and petunias, while these two organs are nearly identical in the orchid and lily. Therefore, the genes that control petal formation in the orchid are very likely expressed in the sepal. This assumption was supported by the similar result observed for LMADS3 , a lily SEP3 ortholog, which is also expressed in all four fl ower organs ( Tzeng et al. 2003 ) . Furthermore, although OMADS6 expression was detected in all fl ower organs, relatively low expression in the stamen compared with that of other SEPlike genes was observed.
The mRNA expression pattern for OMADS11 was similar to that for OMADS6 and was different from that of SEP1 / 2 since its expression was almost undetectable in the stamen. Since SEP1 / 2 / 3 are functionally redundant genes ( Pelaz et al. 2000 , Thei ß en, 2001 ), the slight difference in expression between OMADS6 / SEP3 and OMADS11/SEP1/2 may refl ect diversity of the E-group genes in various plant species during evolution. The mRNA expression pattern for OMADS7 was almost identical to that of OMADS6 and similar to AGL6 orthologs, such as AGL6 of Arabidopsis and ZAG3 of maize ( Mena et al. 1995 , Mouradov et al. 1998 . Interestingly, the expression pattern of OMADS7 was largely different from OMADS1 , another AGL6 -like gene in orchid, which was only expressed in the lip and carpel of fl owers ( Hsu et al. 2003 ) . This indicated that OMADS7 should have retained a similar function to that of OMADS6/11 in the orchid after it separated from OMADS1 through gene duplication.
Expression only in vegetative leaves and in the lip and carpel of mature fl owers distinguished OMADS10 from most of the other genes in the SQUA subfamily. Most genes in the SQUA subfamily were expressed in early fl oral meristem, absent in vegetative leaves and showed diverse gene expression patterns in fl ower organs ( Huijser et al. 1992 , Mandel et al. 1992 , Kempin et al. 1995 , Moon et al. 1999 , Kyozuka et al. 2000 , Yu and Goh 2000 . In leaves, the expression of several SQUA -like genes of monocots, such as OsMADS18 of rice and LMADS5/6 of lily, have been reported , Fornara et al. 2004 , Chen et al. 2008 . Interestingly, in fl owers, LMADS5/6 mRNA was also strongly expressed in carpels and almost undetectable in the other three fl ower organs, similarly to OMADS10. This revealed functional conservation for SQUA -like genes in the monocots lily and orchid.
The possible roles for OMADS6 , 11 , 7 and 10 in fl ower initiation and fl ower formation were further interpreted through functional transgenic analysis. The early fl owering phenotype in 35S:: OMADS6 , 11 , 7 and 10 transgenic Arabidopsis plants was similar to those observed in transgenic plants that ectopically expressed A-, E-or AGL6 -likefunction MADS box genes ( Mandel and Yanofsky 1995b , Kyozuka et al. 1997 , Jeon et al. 2000 , Honma and Goto 2001 , Pelaz et al. 2001 , Ferrario et al. 2003 , Hsu et al. 2003 , Tzeng et al. 2003 , Fornara et al. 2004 , Shitsukawa et al. 2007 , Chen et al. 2008 , Xu et al. 2008 ). Although 35S:: OMADS10 caused a relatively weak early fl owering phenotype, our result suggested that OMADS10 should also be involved in fl oral initiation similar to OMADS6 , 11 and 7 . Interestingly, the alterations of fl ower organs observed in the 35S:: OMADS6 , 11 , 7 and 10 transgenic plants are different. Flower organ conversions, such as carpelloid sepals and staminoid petals, were observed in 35S:: OMADS6 transgenic plants. Only carpelloid sepals were produced in the fi rst whorl of 35S:: OMADS7 fl owers. In contrast, no fl ower organ conversion was observed in 35S:: OMADS11 and 35S:: OMADS10 transgenic fl owers. This result may reveal the possible functional diversifi cation of OMADS6 , 11 , 7 and 10 in regulating fl ower formation. Interestingly, when compared with the function of AP1/AGL9 genes in the monocots orchid and lily, the SEP3 ortholog OMADS6 had an expression pattern similar to that of LMADS3 and caused a similar phenotype when ectopically expressed in Arabidopsis ( Tzeng et al. 2003 ) . The SEP1/2 ortholog OMADS11 showed a slightly different expression pattern and caused a different phenotype when ectopically expressed in Arabidopsis when compared with LMADS4 , which was expressed in the leaf and caused no phenotype in either fl ower transition or formation ( Tzeng et al. 2003 ) . The SQUA -like ortholog OMADS10 showed an expression pattern similar to LMADS5/6 but caused a different phenotype when ectopically expressed in Arabidopsis since extremely early fl owering, carpelloid sepals and staminoid petals were observed in 35S:: LMADS5/6 transgenic fl owers ( Chen et al. 2008 ) . Furthermore, when the two putative orchid AGL6 -like genes OMADS7 and OMADS1 were compared, their expression patterns were signifi cantly different. However, ectopic expression of these two genes caused very similar effects on fl ower transition and formation in transgenic Arabidopsis ( Hsu et al. 2003 ) . These results indicated that a functional diversifi cation occurred among AP1/AGL9 genes in monocot orchid and lily during evolution, although many characteristics were still similar in these genes.
In summary, four AP1/AGL9 MADS box genes, OMADS6 , 11 , 7 and 10 , that specify fl ower development were characterized from the orchid ( O. Gower Ramsey) in this study. The high similarity of expression patterns for the SEP/AGL6 -like genes OMADS6 , 11 and 7 indicated that their regulation and function have been highly conserved in the orchid during evolution. This assumption was supported by the similar alteration of fl oral induction as well as fl oral formation in 35S:: OMADS6 , 11 or 7 transgenic Arabidopsis plants. The SQUA -like ortholog OMADS10 showed a distinct expression pattern compared with OMADS6 , 11 and 7 and caused a different phenotype when ectopically expressed in Arabidopsis. The similarities and differences of the expression patterns and effects caused by the ectopic expression of the orchid AP1/AGL9 -like genes are summarized in Table 1 . The characteristics of these four genes provide useful and additional information in the understanding of the relationships among the AP1/AGL9 MADS box genes in regulating fl ower transition and formation.
Materials and Methods
Plant materials and growth conditions
Orchid plants ( O. Gower Ramsey) were grown in the fi eld in PuLi County, Nan Tao, Taiwan. Seeds for Arabidopsis were sterilized and placed on agar plates containing 1/2 × Murashige and Skoog (MS) medium (Murashige and Skoog 1962) at 4 ° C for 2 days. The seedlings were then grown in growth chambers under long-day conditions (16-h light/8-h dark) at 22 ° C for 10 days before being transplanted to soil. The light intensity of the growth chambers was 150 µE m −2 s −1 .
Cloning of cDNA for OMADS6, 11, 7 and 10 from O.
Gower Ramsey
Partial sequence for OMADS6 , 11 , 7 and 10 , which showed homology to AP1/AGL9 -like MADS box genes, were identifi ed in the O. Gower Ramsey by a strategy described previously ( Hsu et al. 2003 ) . cDNAs containing 5 ′ end for OMADS6 , 11 , 7 , 10 were further obtained by 5 ′ -rapid amplifi cation of cDNA ends (5 ′ -RACE) using the SMART ™ RACE cDNA amplifi cation kit (BD Biosciences Clontech, Palo Alto, CA, USA). The longest cDNAs for OMASDS6 , 11 , 7 and 10 were obtained by PCR amplifi cation using the following primers: OMADS6 (5 ′ -TCTAGA ATGAGAAGAGGGAGA-3 ′ ) and (5 ′ -TCTAGA TCACAGGAGCTTTATAGG-3 ′ ); OMADS11 (5 ′ -GG ATCC GCGAGAAAGAAGAGAAGAAGAAA-3 ′ ) and (5 ′ -GG ATCC AGGCAGAGAAGAAGATCAAGGG-3 ′ ); OMADS7 (5 ′ -GGATCC GGAATAAGGCTAATAGAGTG-3 ′ ) and (5 ′ -GG AT CC GACRRCAACCTAGAGCATCC-3 ′ ); OMADS10 (5 ′ -GGAT CC CTAGTCTTCCTGTTCGTGGGC-3 ′ ) and (5 ′ -GGATCC GCATTCAAGAAATCTCAGCAGC-3 ′ ). The specifi c 5 ′ and 3 ′ primers for OMADS6 , OMADS11 , OMADS7 and OMADS10 contained the generated Xba I (5 ′ -TCTAGA-3 ′ , underlined) or Bam HI (5 ′ -GGATCC-3 ′ , underlined) recognition site to facilitate the cloning of the cDNAs.
RT-PCR analysis
Total RNA isolated from various organs of orchid or from leaves of 35S:: OMADS6 , 11 , 7 , 10 transgenic Arabidopsis plants were used for cDNA synthesis as described previously Yang 2002 , Tzeng et al. 2003 ) . Five microliters of cDNA sample from the RT reaction was used for 25 cycles of
